From the time of CMB decoupling onwards we investigate cosmological evolution subject to a strongly interacting SU(2) gauge theory of Yang-Mills scale Λ ∼ 10 −4 eV (masquerading as the U (1) Y factor of the SM at present). This theory is coupled to a spatially homogeneous and ultra-light (Planckscale) axion field. As first pointed out by Frieman et al. such an axion is a viable candidate for quintessence, i.e. dynamical dark energy, being associated with today's cosmological acceleration. An upper limit ∆t mγ =0 for the duration of the epoch stretching from the present to the point where the photon starts to be Meissner massive is predicted: ∆t mγ =0 ∼ 2 billion years.
Introduction
The possibility to interpret dark energy in terms of an ultra-light pseudo-NambuGoldstone boson field is at the center of an exciting debate stretching over the last decade, see e.g. [1, 2, 3, 4, 5, 6 ]. The idea is that an axion field φ, which is generated by Planckian physics, develops a small mass due to topological defects of a Yang-Mills theory. If the associated Yang-Mills scale is far below the Planck mass M P then φ's slow-roll dynamics at late time can mimic a small cosmological constant being in agreement with the present observations. Having the coherent field φ decay by increasingly efficient self-interactions at late time, the associated very light pseudoscalar bosons interact with ordinary matter only very weakly and thus escape their detection in collider experiments. Because of a dynamically broken, global U(1) A symmetry associated with the very existence of φ the corresponding potential V (φ) is radiatively protected. Notice, however, that V (φ) is generated by an explicit, anomaly-mediated breaking of U(1) A .
Up to small corrections, arising from multi-instantons effects, V (φ) has the following form [7] V (φ) = µ 4 1 − cos φ F .
Two mass scales enter in eq. (1): the dynamical symmetry breaking scale F (axion decay constant) and a scale µ associated with the explicit symmetry breaking. The scale µ roughly determines at what momentum scale the gauge theory providing the topological defects becomes strongly interacting. Recall that the potential (1) is an effective one, arising from a quantum anomaly of the U(1) A symmetry which is defined on integrated-out fermion fields. The anomaly becomes operative through topological defects of a Yang-Mills theory and is expressed by an additional, CP violating contribution
Upon integrating over topological sectors, one concludes that the parameter µ in (1) is comparable to the Yang-Mills scale Λ [7, 8] .
The mass m φ of the field φ, as derived from (1) for the range |φ| π 2 F , reads m φ ≃ µ 2 /F . Assuming φ ∼ F ∼ 10 18 GeV, the needed value for µ to generate the present density of dark energy in the universe (inferred from fits to SNe Ia luminosity distance-redshift data for z < 1.7 [9, 10, 11] ) is µ ∼ 10 −3 eV [1] . By the closeness of µ's value to the MSW neutrino mass a possible connection with neutrino physics was suggested in [1] (see also [6] ).
In the present work we wish to propose a different axion-based scenario relating the temperature of the CMB, T CMB = 2.18·10 −4 eV, with today's scale of dark energy ∼ 10 −3 eV. Namely, we postulate that the gauge factor U(1) Y of the standard model of particle physics (SM) is only an effective manifestation of a larger gauge group. According to [12] one is lead to consider SU(2)⊃ U(1) Y 1 as a viable candidate for such an enlargement of the SM's gauge symmetry. Such a postulate is rather unconventional but we feel that a fruitful approach to the dark-energy problem needs novel Ansätze. In a slightly different context a QCD-like force of scale ∼ 10 −3 eV was also discussed in [4] .
We intend to explore some consequences of the postulate SU(2) CMB today = U(1) Y in connection with axion physics. The observation of a massless and unscreened photon uniquely fixes a point in the phase diagram of the SU(2) Yang-Mills theory (hencefore referred to as SU(2) CMB ) corresponding to the present state of the Universe [12, 13] . As a consequence, the Yang-Mills scale Λ CMB is determined to be comparable to T CMB : Λ CMB ∼ 10 −4 eV. The fact that T CMB is comparable to the Yang-Mills scale of a theory with gauge group SU(2) CMB (containing the U(1) Y factor of the SM as a subgroup), which in connection with a Planck-scale axion field explains the present density of dark energy, does by itself not constitute a proof for the existence of SU(2) CMB in Nature. For this scenario to be convincing it ought to make independent and experimentally verified pre-and postdictions such as a dynamical account for the large-angle features of CMB maps being induced by the nonabelian nature of fluctuations in SU(2) CMB . In this sense the present paper is the very first stage in a long-term program exploring the implications of SU(2) CMB today = U(1) Y , see also [14] . The authors are well aware of the fact that this program may lead to the falsification of the postulate SU(2) CMB today = U(1) Y . Mounting evidence for its correctness is, however, provided by two-loop calculations of thermodynamical quantities in the deconfining phase of SU(2) Yang-Mills theory, see for example [13] , making a further pursuit of this program worthwhile.
The paper is organized as follows: First, we briefly recall some basic nonperturbative results obtained in [12] for Yang-Mills thermodynamics in light of the specific case SU(2) CMB . Subsequently, we consider for a spatially flat Universe the evolution of the cosmological scale factor a = a(t) and of the axion-field φ = φ(t) from the time of decoupling t dec (corresponding to z dec = 1089) until today. We then investigate the future evolution of the Universe to the point when the transition between the deconfining and the preconfining phase of SU(2) CMB will take place and the photon will acquire a Meissner mass. Finally, we present our conclusions and an outlook on future research.
sponding to U(1) em , is a linear combination, parametrized by the Weinberg angle, of the diagonal SU(2) W 's generator and the U(1) Y generator in unitary gauge since we are not concerned with the interactions of the photon with electrically charged leptons and/or hadrons which would make this mixing operative. Our investigation of cosmology below sets in at the point where the CMB decoupling takes place. 
Deconfining SU(2) Yang-Mills thermodynamics
In [12] a nonperturbative approach to SU(2)/SU(3) Yang-Mills thermodynamics is developed. For the sake of brevity we recall only some of the results relevant for the present study. Analytical expressions are reported in the Appendix.
At high T it is shown in [12, 15] that an inert adjoint Higgs field emerges upon spatial coarse-graining over topological defects. The modulus of the Higgs field is (nonperturbatively) temperature dependent and induces a dynamical gauge symmetry breaking SU(2)→ U(1): two of the three gauge bosons become massive (denoted by V ± ), while the third one remains massless (denoted by γ). Massive excitations V ± are very weakly interacting thermal quasi-particles, their mass depends on temperature.
Plots for the energy-density and for the pressure as functions of the dimensionless temperature λ E = 2πT Λ E are shown in Fig. 1 . Here Λ E denotes the Yang-Mills scale as defined in the deconfining phase [12] . In Fig. 1 a jump in the energy density at the critical value λ c,E = 11.65 is seen. This signals a transition between the deconfining (also called electric, T ≥ T c,E ) and the preconfining (also called magnetic, T < T c,E ) phases. Notice that for high T the Stefan-Boltzmann limit is approached in a powerlike fashion. For T ց T c,E the V ± bosons acquire an infinite mass,
). Thus they do no longer screen the propagation of the massless excitation γ. In the preconfining phase the gauge symmetry U(1) is dynamically broken by a magnetic monopole condensate: γ is Meissner massive. For T ր T c,E the photon mass m γ approaches zero: a jump in the number of polarizations (3 → 2) takes place at T c,E , thus explaining the discontinuity ρ c,M → ρ c,E in the energy density, see Fig. 1 . Due to the dominance of the ground state the pressure is negative for T ∼ T c,E (for a microscopic explanation of this macroscopically stabilized situation see [12] ).
When confronting these results with the postulate SU(2) CMB today = U(1) Y the reader may be puzzled by the existence of two massive excitations in addition to the photon for T > T CMB = T c,E ; however, as shown in [12] , the interaction between γ and V ± is tiny because the off-shellness of admissible quantum fluctuations is strongly constrained by the applied spatial coarse-graining. At T = T c,E = T CMB , where the V ± disappear from the spectrum, γ is exactly noninteracting.
As an experimental fact today's photons are massless on the scale of T CMB = 2.18 · 10 −4 eV (m γ < 10 −13 eV [16] ), and they are unscreened. As a consequence, the postulated SU(2) CMB dynamics necessarily is characterized by a temperature T c,E = T CMB today: SU(2) CMB today = U(1) Y . This entails Λ CMB = 1.177 × 10 −4 eV and a present SU(2) CMB ground-state pressure P g.s. = −(2.586 × 10 −4 eV) 4 . Before turning our attention to the cosmological evolution two comments are in order:
(i) For T ց T c,E , the SU(2) CMB system will not immediately jump to the preconfining phase because of the discontinuity in the energy density, see Fig. 1 . Rather, it remains in a supercooled state until a temperature T * is reached where a restructuring of the ground state (interacting calorons → interacting, massless monopoles [12] ) does not cost any energy. For a detailed discussion of this situation see Sec. 4.
(ii) If SU(2) CMB today = U(1) Y strictly holds then it was not always so: for T > T CMB photons did interact with the massive partners V ± . Nonabelian effects peak at T ∼ 3 T c,E and are visible on the level of 10 −3 in the relative deviation from the ideal photon-gas pressure, see [13] . This represents a crucial test for our basic postulate. We suspect that the effect generates a dynamical contribution to the dipole of the CMB temperature map in addition to a component induced by the relativistic Doppler effect [17] . A more quantitative analysis of this assertion is beyond the scope of the present paper but is planned as a next step.
3 Cosmological evolution from z dec = 1089 to z = 0
We consider a spatially flat Universe whose expansion is sourced by baryonic and dark, pressureless matter (M), a homogeneous axion field φ and SU(2) CMB YangMills thermodynamics. The evolution of the scale parameter a = a(t) is determined by the Friedman equation
where
19 GeV. We are only interested in the evolution after CMB decoupling, i.e. for z ≤ z dec = 1089. Within this range the contribution of neutrinos can be neglected. Each of the contributions to the right-hand side of Eq. (3) is associated with a separately conserved cosmological fluid:
Since
where t 0 is the present age of the universe (to be calculated) and a 0 ≡ a(t 0 ). In terms of the critical density ρ c = 3 H(t 0 ) 2 /8πG = 4.08 × 10 11 eV 4 the measured matter contribution reads [18] :
By virtue of eq. (4) (for the equation of state p CMB = p CMB (ρ CMB ) see Appendix) the dependence ρ CMB = ρ CMB (a) is calculated numerically. Notice, however, that at t = t dec , the contribution of SU(2) CMB to the critical energy density is about 10% and decreases very rapidly for t < t dec : Although not directly affecting the evolution of the Universe, the presence of SU (2) CMB is imprinted in the potential for a Planck-scale axion eq. (1). We rewrite this potential as follows:
The dimensionless quantity λ parameterizes the uncertainty in the coupling of the topological defects of SU(2) CMB to the axion. The value of λ is expected to lie within O(10 −1 ) to O(10 1 ) [7] . In our calculation we adjust λ such that the measured value of dark energy density is reproduced today [18] :
The axion energy density ρ φ and the pressure p φ are given as
From (4) and (8) the equation of motion for φ follows:
where V ′ ≡ dV /dφ. The term 3H · φ represents the cosmological "friction". The origin of the field φ is due to the axial anomaly starting to be operative before inflation. In [1] it was concluded that the CMB-constraints on φ-induced adiabatic density perturbations be such that the inflationary Hubble parameter is smaller than 10
13 GeV. This entails that the scale F be larger than 10 18 GeV≃ 0.1 M P . Moreover, a quantum field theoretic description in (3+1) dimensions, which underlies the axial anomaly, likely is meaningful for sub-Planckian physics. Thus it is natural to suppose that F ∼ M P .
The classical field φ, representing a condensate of axion particles being generated at T ∼ M P , is surely fixed to its starting value φ in ∼ F all the way down to CMB decoupling because of the large cosmological "friction". This implies the following initial conditions at decoupling:
Figure 2: Admissible range of the quantities φ in /M P and F/M P for dark-energy like axion-field solutions today. The triangular area α (β) corresponds to φ in /M P being below (above) the inflexion point of V (φ). The horizontal line φ in /M P = 0.278 indicates a rapid cross-over from slowly rolling to oscillating solutions.
We first consider 0 ≤ φ in ≤ π , i.e. a range for which the curvature of the potential is positive. Let us now discuss the conditions under which the axion field behaves like a cosmological constant at present, that is, φ did not roll down its potential until now. This happens if
where m φ ≡ (λ · Λ CMB ) 2 /F. By using eq. (3) and V (φ) ≃ 
Rewriting the condition (11) by using eq. (12), we derive:
Even for φ in /M P 0.278 slowly rolling solutions compatible with today's dark energy are numerically found, see discussion below. For φ in /M P 0.278 the parameter λ needs to assume unnaturally large values for the axion to generate today's value of dark energy density. Moreover, the axion would undergo many oscillations until today and thus would behave more like pressureless matter than dark energy.
For 0 ≤ φ in ≤ π to be meaningful one needs F/M P > 0.177. This is close to the lower bound F/M P > 0.1M P arising from the consideration on adiabatic density perturbations in [1] . In Fig. 2 admissible ranges for the initial conditions at t = t dec are shown. The triangular area α represents the allowed parameter range for a slowly rolling field at present. The horizontal line φ in /M P = 0.278 indicates a rapid crossover from dark-energy-like (above) to oscillating (below) solutions. The allowed range is enlarged by including the trapezoidal area β corresponding to a negative curvature of the potential 3 . Notice that for πF/2 ≤ φ in ≤ πF there are slowly rolling solutions with the needed amount of present dark energy also for F/M P < 0.177. However, for a decreasing value of F/M P we observe that φ in needs to be closer to the maximum πF which is somewhat of a fine-tuned situation [5] . We thus pick representative initial conditions as depicted in Fig 2. In Table 1 we present our numerical results obtained for initial values corresponding to the points (a),(b),(c) and (d) in Fig. 2 . The values of the following quantities are determined: λ such that Ω φ = 0.73 at present, the present age t 0 of the universe, the present Zeldovich parameter for the axion fluid alone, w φ (t 0 ) = (p φ /ρ φ ) t=t 0 (see eq. (8)), and for the entire Universe, w tot (t 0 ) = (p tot /ρ tot ) t=t 0 and the value of redshift z acc corresponding to the transition between decelerated and accelerated expansion. For the set of initial values (a),(b), and (c) the axion field does not roll until t 0 , as indicated by the quantity w φ (t 0 ) ≃ −1. For point (d) φ in /M P is just above the threshold in (13) causing the field φ to roll at present: w φ (t 0 ) = −0.61. According to ref. [18] w φ (t 0 ) = −0.61 is already inconsistent with observation (w φ (t 0 ) < −0.78 at 95% C.L.). Decreasing φ in /M P further one rapidly runs into the regime w tot (t 0 ) > −1/3 where the present Universe does not accelerate. The values of z acc obtained for (a), (b), and (c) are in approximate agreement with z acc ∼ 0.75 obtained for a standard ΛCDM model [19] . Moving Due to the dynamical nature of dark energy in our model the Universe will not run into pure de Sitter expansion in the future as it does for the ΛCDM model but rather epochs of accelerated and decelerated expansions will alternate: z acc corresponds to the first of many more future turning points ( ·· a = 0). This, however, presumes that the axion-SU(2) CMB coupling, that is, the axion mass m φ will remain unaffected by the future evolution. The situation for the (dimensionless) energy density in the critical region: the dashed line represents the continuation of the energy density of the deconfining phase (solid grey line) for T < T c,E (supercooled state, realized for decreasing temperature, m γ = 0). The solid black line depicts the energy density in the preconfining phase (realized for increasing temperature, m γ > 0). At the intersection point λ E = λ * ,E a phase transition from the supercooled deconfining to the preconfining dynamics occurs.
A massive photon in the future
Here we consider the future evolution up to the point where SU(2) CMB undergoes the transition to its preconfining phase. For simplicity we assume that the present age of the Universe t 0 is given by the time when T 0 = T CMB is first reached. Because of the discontinuity of the energy density ( Fig. 1 )
the system cannot jump into the preconfining (magnetic) phase where the photon possesses a mass and thus an additional polarization because of condensed monopoles in the ground state. Therefore, the system remains in the deconfining (electric) phase in a supercooled state (with its ground state still being an ensemble of interacting calorons instead of monopoles) so long as the energy density of the electric phase ρ E is smaller than the energy density of the magnetic phase ρ M (ρ E < ρ M ). At a certain value of temperature, λ * ,E = 2πT * /Λ E < λ c,E = 2πT c,E /Λ E , equality ρ E = ρ M takes place. At this point the condensation of monopoles occurs and the photon becomes massive (for λ * ,E ≤ λ E ≤ λ c,E monopoles are not sufficiently liberated by the associated large-holonomy calorons to facilitate unlimited mobility). The situation is depicted in Fig. 3 , where the dashed line represents the continuation of the (dimensionless) energy density ρ E /Λ 4 E for λ E < λ c,E . The corresponding analytical expressions are given in the Appendix [12] . The intersection
E occurs at λ * ,E = 10.79 < λ c,E = 11.65 (i.e. T * /T c,E = 0.93) and for
.32 (see Fig. 3 , for technical details see the Appendix). Driven by cosmological expansion, which essentially is sourced by dark matter and the axion field, the SU(2) CMB thermodynamics evolves into a supercooled state (deconfining phase) according to eq. (4) (i = CMB) down to the point where the density ρ * (i.e. the transition temperature T * ) is reached. The numerical result for the scale factor at T = T * is a(t * )/a 0 = 1.15. At this point the photon acquires a Meissner mass. Notice that according to eq. (2) the anomaly-mediated decay width Γ φ→2γ of the axion into two photons is much smaller than the present Hubble parameter H 0 :
Thus it is justified to treat the axion as a coherent field for any practical purpose and to consider the axion and the SU(2) CMB fluids to be separately conserved as in eq. (4). The numerical value of the time interval ∆t mγ =0 = t * ,E − t 0 follows from future cosmology according to Eq. (3). For the sets of initial values (a)-(d) in Tab. 1 we obtain the following numbers:
The value ∆t mγ =0 ≃ 2 Gy depends only weakly on the chosen parameter set. The error in determining the quantity ∆t mγ =0 is dominated by the observational uncertainty for the present Hubble parameter H 0 . According to [18] we have δH(t 0 ) H(t 0 ) ∼ ±0.056. We have run our simulations with the upper (lower) limit for the error range. This generates a decrease (increase) for ∆t mγ =0 of about 0.15 Gy.
Throughout the work we assumed that the temperature T c,E = T CMB is reached today. However, the photon is massless and unscreened in the entire range T * ≤ T ≤ T c,E . Therefore the present CMB-temperature could also be below T c,E . As a consequence, the quantity ∆t mγ =0 represents an upper bound for the time interval between the present and the occurrence of the phase transition.
The existence of extra-galactic magnetic fields [20, 21] could indeed signal the onset of a superconducting vacuum. Possibly, a quantitative analysis would rely on tunneling effects connecting the two trajectories in Fig. 3 . Such an unconventional interpretation of extra-galactic magnetic fields needs, however, a detailed investigation.
Summary and Conclusions
We have elaborated on the idea that the present density of dark energy arises from an ultra-light axion field with Peccei-Quinn scale comparable to M P [1] . More precisely, we have linked the normalization µ 4 of the axion potential in eq. (1) to the existence of an SU(2) Yang-Mills theory of scale Λ CMB ∼ µ comparable to the temperature T CMB of the present cosmic microwave background. Such an assertion has its justification in nonperturbative results obtained recently for SU(2) Yang-Mills thermodynamics [12] . As a result, we have obtained an upper bound ∆t mγ =0 ≃ 2 Gy for the length of the time interval from the present to the phase transition where the photon acquires a Meissner mass.
Throughout our work we have assumed a cold dark matter component ρ M = 0.23 ρ c of unknown origin at present. (A possibility would be that ρ M arises due to the decay of one or more oscillating, coherent axion fields φ i with F i ≪ M P into their particles at earlier epochs.) A more unified but also more speculative picture would arise if today's rolling axion field would describe both dark matter and dark energy, see [22] and refs. therein. On the one hand, according to our simulations (performed with a canonical kinetic term) such a scenario would imply an age of the Universe of about 20 Gy as opposed to 13.7 Gy with conventional cold dark matter. Also one would obtain z acc ∼ 3 as opposed to z acc ∼ 0.75, possibly endangering structure formation. On the other hand, structure formation and the flattening of the rotation curves of galaxies would need an explanation in terms of ripples and lumps of a coherent axion field [23] . Moreover, the relation between luminosity distance and redshift as observed from SNe Ia standard candles would have to be postdicted with a pressureless contribution to the Hubble parameter that acquired nominal strength only very recently. The future will tell (gravitational lensing signatures for galaxies, theoretical results on the stability of the system axion-lump plus baryonic matter plus gravity) whether such a possibility is viable.
For completeness we have investigated how the latter scenario affects our estimate ∆t mγ =0 . By defining the quantity η through η = −p φ and ρ φ =φ 2 + η the axion fluid can be split into a component with ρ Λ = η (with w Λ = −1) and a component ρ DM =φ 2 (with w DM = 0). Notice that the so defined components are not separately conserved. The task is to uniquely fix φ in and λ in eq. (6) such that Ω φ = 0.96 today (with Ω Baryon = 0.04)) and such that Ω Λ = 0.73 and Ω DM = 0.23. Using F M P = 0.5 we obtain φ in M P = 0.53 and λ = 28.9. This yields ∆t mγ =0 = 1.96 Gy. Thus our estimate ∆t mγ =0 is rather model independent.
Finally, let us make a few comments concerning future activity. The postulate SU(2) CMB today = U(1) Y entails consequences for the CMB map of fluctuations in temperature and in electric/magnetic field polarization at large angles [13] . To analyze these effects more quantitatively needs precise information on the underlying cosmology; this basic step was addressed in the present work.
A Expressions for the energy density and the pressure
We report the 1-loop expressions for the energy density and the pressure in the electric and magnetic phases of an SU(2) Yang-Mills theory as derived in [12] . In [13] it was shown that 2-loop corrections contribute on the 0.1%-level only and thus are irrelevant for the present analysis.
a) Deconfining (electric) phase: (T > T c,E = 2πλ c,E /Λ E , λ c,E = 11.65, Λ E is the Yang-Mills scale). The energy density is the sum of three terms ρ E = ρ E,γ + ρ E,V ± + ρ E,gs (17) corresponding to the contributions of the massless gauge mode γ, the massive gauge modes V ± and the ground state, respectively. They explicitly read:
The function g E (T ) takes into account the massive nature of the V ± excitations; it is exactly zero at T c,E (g E (T c,E ) = 0) because the V ± are infinitely massive there and thus thermodynamically decoupled. It approaches unity in a power-like way for an increasing temperature, the mass of V ± decreases rapidly. Notice that the ground state energy grows only linearly for increasing temperature. The analytical expression for g E (T ) reads
where a is itself a function of the temperature T arising as the inverted solution of the following differential equation d) Transition point: (ρ E = ρ M ) By using the expressions (28) and (36) one finds for the transition temperature
Notice that one necessarily has T c,M ≤ T * ≤ T c,E because g M (T ) is a monotonically increasing function with g M (T c,M ) = 0 and g M (T c,E ) = 1 (see also Fig. 3 ).
